A fundamental 1×2 beam splitter based on the self-imaging phenomena in multi-mode one-dimensional (1D) photonic crystal (PC) waveguides is presented, and its transmission characteristics are investigated using the finite-difference time-domain method. Calculated results indicate that a high transmittance (>95%) can be observed within a wide frequency band for the 1×2 beam splitter without complicated structural optimizations. In this letter, a simple and compact 1×4 beam splitter is constructed by combining the fundamental 1×2 beam splitter with the flexible bends of 1D PC waveguides. Such beam splitters can be applied to highly dense photonic integrated circuits.
Beam splitters are the most commonly used power division devices in the field of integrated optics. The development of highly dense photonic integrated circuits (ICs) has raised the need for compact beam splitters. A considerable number of compact beam splitters based on line and point defects in two-dimensional (2D) photonic crystals (PCs) have been presented and these can be approximately classified into the following three kinds according to their working mechanisms: T/Y branch [1−4] , directional coupling [5−7] , and multi-mode interference (MMI, or self-imaging phenomena) types [8−10] . T/Y branches are compact, but their branching angles are restricted by the lattice type of 2D PCs. Moreover, the branching regions of T/Y branches require complicated optimizations [1−4] . Devices based on waveguide coupler or MMI are much simpler than T/Y branches, but they tend to have a larger area (with a long coupling or beat length). Moreover, beam splitters based on 2D PCs are not flexible, i.e., the waveguide bends in the beam splitters are not only restricted by the lattice type of 2D PCs, but they also require special optimized designs [3, 4, 8, 10] . The limitations above constrain the design and application of beam splitters based on 2D PCs.
Chen et al. have proposed a flexible waveguide (a one-dimensional (1D) PC waveguide) based on the omnidirectional reflection of 1D PCs [11, 12] . This flexible waveguide can be bent arbitrarily with small radius of curvature, and its flexibility is similar to that of conducting wires in electronics. The same authors also proposed a power beam splitter for TE polarization based on the directional coupling of flexible waveguides [13] . Inspired by the ideas above, this letter proposes a fundamental 1×2 beam splitter for TE polarization based on the self-imaging phenomena in flexible waveguides. A simple and compact 1×4 beam splitter can be constructed when three fundamental 1×2 beam splitters are combined with the flexible bends of 1D PC waveguides.
In this letter, the beat lengths of self-imaging phenomena in multi-mode flexible waveguides are analyzed. Then, the fundamental 1×2 beam splitter based on the self-imaging phenomena in flexible waveguides is constructed, and its transmission characteristics are discussed. Then, a compact 1×4 beam splitter is constructed based on the combination of three fundamental 1×2 beam splitters, and its transmission characteristics are investigated. The inset in Fig. 1(a) shows the schematic drawing of a flexible waveguide that consists of a dielectric layer with low index sandwiched by 1D PCs (X-axis direction), where a is the lattice constant of the 1D PCs, n 1 = 1.6 (polystyrene), n 2 = 4.6 (tellurium), and n 0 = 1 (air) are the refractive indices of the three materials, and h 1 = 0.75a, h 2 = 0.25a, and h 0 (defect channel) are the corresponding thicknesses. The light is defined in and along the defect channel (Z-axis direction) by the omnidirectional reflection band (ORB) from the 1D PCs, and β is the propagation constant. The waveguide is infinitely homogeneous along the Y -axis direction. The TE mode dispersion curves of the flexible waveguide with h 0 =3.75a were calculated using the plane wave expansion method based on a super-cell [14] , as shown in Fig. 1 . The frequency range of the first photonic band-gap (PBG) of the 1D PCs in the case of normal incidence was 0.1450- Figure 1 (b) shows the TE mode dispersion curves of the flexible waveguide with h 0 =9.75a, where five dispersion curves corresponding to the TE 0 , TE 1 , TE 2 , TE 3 , and TE 4 modes, respectively, can be observed within the frequency range of ORB TE .
As can be seen in Figs. 1(a) and (b), one mode (TE 0 ) and four modes (TE 0 , TE 1 , TE 2 , and TE 3 ) correspond to the flexible waveguides with h 01 =3.75a and h 02 =9.75a (shown in Fig. 2) , respectively, in the frequency range of 0.1572-0.2488 [2πc/a]. If the TE 0 mode in the flexible waveguide with h 01 =3.75a within the 0.1572-0.2488 [2πc/a] frequency range is regarded as an input field profile, both the TE 0 and TE 2 modes in the flexible waveguide with h 02 =9.75a are stimulated (TE 1 and TE 3 modes in the flexible waveguide with h 02 =9.75a cannot be stimulated), and the interference between the TE 0 and TE 2 modes leads to the self-imaging phenomena. Self-imaging is a property of multi-mode waveguides by which an input field profile is reproduced in single or multiple images at periodic intervals along the propagation axis [15] . If the first two-fold image distance is defined as L, then both the first single image distance and the beat length can be denoted as 2L [15] . If the propagation constants of the TE 0 and TE 2 modes in the flexible waveguide with h 02 =9.75a are denoted as β 0 and β 2 , respectively, then L can be expressed as π/(β 0 -β 2 ). Figure 3 shows the calculated L based on Fig. 1(b) , where L increased from 3.72a at the frequency of 0.158 [2πc/a] to 10.89a at the frequency of 0.2487 [2πc/a] with the increase in frequency due to the decrease in β 0 -β 2 . Figure 4 shows the self-imaging phenomena in the multi-mode flexible waveguide with h 02 =9.75a. Figures 4(a) and (b) show the steady-state electric field E y distribution and the time-averaged Poynting vector P z distribution at the frequency 0.242 [2πc/a] (denoted as A point in Fig. 3 ), respectively. The first two-fold image distance was defined as L(10.4a) and the first single image distance was 2L(20.8a). An input field profile was reproduced in the single-and two-fold images at the periodic interval of 2L (the beat length) along the propagation axis (Z-axis direction). Figure 5 shows a 1×2 beam splitter based on the self-imaging phenomena in flexible waveguides. As can be seen in Figs. 3 and 4 , a 1×2 beam splitter with [h 01 , h 02 , L] = [3.75a, 9.75a, 10.4a] (corresponding to A points in Fig. 3 ) was constructed and its transmission characteristics were simulated using the finite-difference time-domain (FDTD) method [1, 13, 16] . In the numerical calculations, the perfectly matched layer-absorbing boundary conditions were applied to the four boundaries 111301-2 of the computed region. The input pulse and the reflection pulse from the MMI region with [h 02 , L]=[9.75a, 10.4a] in the time domain were picked up at observation point #1 in the middle of the input waveguide, whereas the two pulses transmitted through the MMI region were picked up at observation points #2 and #3 in the middle of the two output waveguides, respectively. Then, the reflection and transmission spectra were calculated from the Fourier transform of the time-domain pulses. A reflection spectrum and two transmission spectra were normalized using an input spectrum to obtain the normalized refection spectrum and transmission spectra, respectively. Finally, the sum of the normalized transmittances recorded at observation points #2 and #3 was defined as the total transmittance (denoted as T t ). If the calculation errors are omitted, the normalized transmission loss L o can be expressed as L o =1−T t − F , where F is the normalized reflectance. A high transmittance band (HTB) is defined as the frequency band corresponding to T t 0.95. Figure 6 (a) shows the transmission spectra, reflection spectrum, and loss spectrum of the 1×2 beam splitter with [h 01 , h 02 , L]=[3.75a, 9.75a, 10.4a] in Fig. 5(a) . The transmittances at the two output ports exhibited good consistencies of F ≈0, 0.104 L o 0.213 and 0.787 T t 0.896 within the 0.236-0.248 [2πc/a] frequency range. The larger loss decreases T t because some field energy leaks into the period layer between the two output waveguides from the MMI region. This loss can be reduced by adding a 180
• arc waveguide with [n 2 , h 2 , r 0 ]=[4.6, 0.25a, a], where r 0 is the radius, as shown in Fig. 5(b) . • arc flexible waveguides, and the curvature radii of the two 180
• arc flexible waveguides were set to 7a [12] . The incident light travels into the input port of the first-stage 1×2 beam splitter and is initially equally divided into two parts. The two parts are inputted into the two second-stage beam splitters through the 180
• arc flexible waveguides and are then equally divided into two parts again. Finally, the incident light is equally divided into four parts through three 1×2 beam splitters.
The transmission characteristics of the 1×4 beam splitter were investigated using the FDTD method. The numerical results indicate that the frequency range of HTB is 0.2402-0.2438 [2πc/a]. The transmittances at the four output ports exhibited good consistencies. Figure 8(b) shows the steady-state electric field E y distribution at the frequency of 0.242 [2πc/a] in the 1×4 beam splitter.
Finally, the presented beam splitters are notably compact. For example, when the optical communication wavelength of 1 550 nm was located at the frequency of 0.242 [2πc/a], the corresponding lattice constant a was 375 nm. When L i =10a (L i denotes the length of the straight waveguides on the input and output ports), the size of the fundamental 1×2 power splitter shown in Fig. 5(b) is approximately (30.4a×19a) 11.40×7.13 (µm) (with a HTB of 1 523-1 575 nm), while the total size of the 1×4 power splitter shown in Fig. 8(a) was approximately (36.95a×53a) 13.86×19.88 (µm) (with a HTB of 1 539-1 562 nm). This size was two to three orders of magnitude less than the size currently used in optical stripe waveguides.
In conclusion, we present flexible optical waveguide beam splitters based on the self-imaging phenomena in multi-mode 1D PC waveguides. The beam splitters are simple, compact, and exhibit several advantages, such as high transmission, near-zero reflection, and low losses. The beam splitters in flattened form will be investigated in future studies, and they are expected to be applicable for use in highly dense photonic ICs.
